HEMATOPOIETIC STEM CELL MOBILIZATION: IMPACT BEYOND CLINICAL APPLICATION
Despite its specific clinical relevance, the field of hematopoietic stem cell (HSC) mobilization has received broad attention, owing mainly to the belief that pharmacologic stem cell mobilization might provide clues as to how stem cells are retained in their natural environment, the bone marrow (BM) 'niche'. Inherent to this knowledge is also the desire to optimally engineer stem cells to interact with their target niche (such as after transplantation), or to lure malignant stem cells out of their protective niches (in order to kill them), and in general to decipher the niche's structural components and its organization. Whereas, with the exception of the recent addition of CXCR4 antagonists to the armamentarium for mobilization of patients refractory to granulocyte colonystimulating factor (G-CSF) alone, 1 clinical stem cell mobilization has not changed significantly over the last decade or so, much progress has been made trying to explain the complex mechanism(s) by which hematopoietic stem and progenitor cells (HSPCs) leave the marrow. This brief review will report some of the more recent advances about mobilization, with an attempt to reconcile some of the seemingly inconsistent data in mobilization and to interject some commonalities among different mobilization regimes. In addition, we will discuss putative mechanisms opposing mobilization, as the vast majority of HSPCs are retained inside the marrow and is not mobilized. Therefore, because of its restrictive nature, this is not an exhaustive review of mobilization, as this need is supplanted by several recent reviews, including in the excellent Spotlight Series 'Perspective on Stem cell Homing and Mobilization' in this journal, dedicated to Dr McCulloch (http://www.nature.com/leu/spotlights/stem_cell_ mobilization.html). [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] (See also Cancelas et al. 76 and Winkler and Levesque 94 for some thorough reviews focussing on specific pathways in mobilization).
WHERE THE MOBILIZED HSCS COME FROM: BONE AND VASCULAR NICHES FOR HSCS
With respect to the microanatomic location of HSC niches-close to the bone (endosteal niche) 14 or close to vessels (vascular niche) 15, 16 -evidence has been provided by protagonists from either fraction. Alternatively, the presence of HSCs in both compartments has been described, 17, 18 although HSCs close to vessels could represent HSCs in transition, preparing either to leave the bone or to engage in niches favoring proliferation/ differentiation. In a recent perspective article by Bianco, 19 we were reminded of the significant body of evidence that in normal cancellous bone, vessels and inner bone surfaces are never more than a few micrometers apart. The conclusion of that manuscript was that it should be evident that the endosteal vs vascular niche concept applies neither to the bulk of murine primitive hematopoiesis (which is predominantly located in cancellous bone) nor to adult human hematopoiesis, which is exclusively located in the axial skeleton and the proximal and distal ends of long bones, entirely made up of spongious bone. ' The apparent multiplicity of the landmarks of the scene can be profitably reinterpreted by assuming that the HSC niche does not have a fixed anatomy'. 19 We fully subscribe to these views and therefore suggest that the anatomical situation dictates that HSCs are at any given time simultaneously perivascularly and endosteally located and simultaneously receive cues both from the bone and blood.
We propose that it is precisely this flexibility that allows the stem cell niche to respond and adapt to systemic cues.
IS THE STEM CELL NICHE REALLY HYPOXIC?
The high abundance of capillaries in cancellous bone is in our opinion incompatible with the sometimes proposed hypoxia in BM HSC niches. Also, conceptually it is fair to surmise that a highly proliferative organ like hematopoietic BM requires considerable quantities of oxygen and nutrients. Blood flow to marrow was estimated as 0.2 ml/min*g, 20 which is more similar to cerebral blood flow (0.5 ml/min*g), that is considered an oxygen-rich environment, than to adipose tissue blood flow (0.04 ml/min*g), which is unarguably relatively hypoxic. 21 Lower oxygen tension in BM than in arterial blood (or in a standard incubator, where it is 160 mm Hg) is an inevitable consequence of physics, but an inflationary use of the term hypoxia to describe this fact should be avoided. The estimated oxygen partial pressure in BM is 55 mm Hg. 22 In a recent review, Suda et al. 23 discuss the matter of hypoxic stem cell niches in some detail and refer to the oxygen pressure of 55 mm Hg as 'severely hypoxic'. Given the average normal pO2 in the cerebrum of 15-30 mm Hg, this interpretation has only a relative meaning. 24 As is further argued in that manuscript, their strong antioxidative machinery as well as the evidence provided of their largely anaerobic metabolism protect HSCs from oxidative stress. Were their natural habitat truly hypoxic, why would such machinery be required? Furthermore, even though localizing HSCs in situ remains challenging, a look at a histological section of hematopoietic BM and all images of HSCs in situ thus far presented very much suggest that HSCs do not dwell in anatomically separate compartments but are distributed throughout the BM 17 likely in immediate proximity to their highly proliferative immature and mature progeny. Published data demonstrating relative hypoxia in a G-CSF-stimulated marrow 25 are possibly more indicative of increased oxygen consumption owing to the induced proliferation than of G-CSF-induced reduction of oxygenation. Moreover, compared with hematopoietic marrow, fatty marrow such as is found in adult long bones of larger mammals is likely very hypoxic, considering its low capillary density, yet in this hypoxic environment HSCs are no longer found. On the contrary, after long-bone fracture, an abundance of vessels sprout into the fracture zone, so that bone repair can take place, and transiently hematopoietic marrow repopulates the fracture cleft until its consolidation, as was formally documented in the rabbit and monkey models several decades ago. 26 Thus active hematopoietic marrow seems to seek out, or possibly induce comparatively high-oxygen BM environments. Furthermore, no evidence has been provided as yet that the self-renewal of HSCs in purportedly hypoxic areas is very different from that in higher-oxygen environments, that is, BM HSCs vs circulating HSCs. Also, as stem cells and progenitor cells are mobilized at the same time by many different approaches and quantitatively fluctuate in tandem, this can be interpreted to suggest anatomic proximity in BM. Therefore, if we consider the evidence of high perfusion and high-oxygen pressure in BM, the putative proximity between HSCs and the enormously efficient and energy-consuming proliferation/differentiation/ egress machinery for mature blood cells, as well as the ample armamentarium against oxygen stress with which HSCs are equipped, it is hard to defend the severely hypoxic niche concept.
At least in long bones, BM regeneration after 'myeloablative' conditioning, such as after lethal irradiation, occurs from the inner bone surface toward the central region, apparently because vessels transcending the bone are relatively preserved and sprout into the necrotic marrow cavity (Figure 1 ). In the postirradiation situation thus indeed the region to which transplanted cells must home and engraft is close to the bone, while the niche repairs itself and expands to regenerated marrow regions. 27 Thus, in discussing issues such as stem cell localization, care should be taken to consider inherent differences between normal and radiationdamaged BM hematopoiesis (issues discussed in Jiang et al.
27
).
CIRCULATING CELLS DURING STEADY STATE
Unlike most other organs, the hematopoietic system is distributed throughout the body. It is likely an adaptive process to have higher levels of circulating HSPCs during minor hematopoietic stress, as they can contribute to recruitment of stem cells into proliferation/ differentiation pathways in many sites. During hematopoietic stress, a transient local skewing of the ratio between self-renewal and differentiating cell divisions could occur, resulting in exhaustion of the stem cell pool in this bone. Thus, circulating stem cells originating from distant sites can immigrate into and occupy vacant stem cell niches, to maintain immature hematopoiesis at all bone sites life long. Partial body irradiation experiments performed many years ago clearly demonstrate the ability of circulating HSPCs (rather mobilized by systemic stimuli) to home to radiation-damaged bone from distant marrow sites and to regenerate completely the destroyed hematopoiesis. 28, 29 Engraftment of circulating HSPCs to distant bone sites was also demonstrated decades ago in parabiotic mice. [30] [31] [32] [33] In contrast, recruitment of stroma-regenerating cells to the damaged bone has been largely undocumented. [34] [35] [36] As the example of allogeneic stem cell transplantation indicates, BM stroma 'stem' cells are fairly resilient to chemotherapy and total body irradiation. With the exception of BM transplantation in osteogenesis imperfecta mice and possibly even patients, which are characterized by severe osteoblast deficiency, [37] [38] [39] [40] after HSC transplantation the BM stroma remains exclusively of recipient type, even when cell products relatively abundant in stroma cells are transplanted (that is, a BM cell transplant, as opposed to one by mobilized peripheral blood (PB) stem cells), or when transplants are performed in patients with putative hematopoietic stroma insufficiency, such as in aplastic anemia. [41] [42] [43] [44] Stromal cell repair and their competence to provide supportive function for HSPCs is achieved likely by mutual interactions (cross talk) between hematopoietic cells and host stroma cells.
Compared with most other organs in the body, the two components participating in hematopoiesis, blood and bone, are
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Hematopoietic stem cell mobilization H Bonig et al characterized by highly dynamic behavior and considerable plasticity. Both are known to integrate hematopoietic stimuli, as evidenced by effects of G-CSF on the bone, marrow stroma and hematopoiesis during mobilization (see below).
ENFORCED STEM CELL EGRESS OR MOBILIZATION: THE QUICK MOBILIZERS AND THEIR TARGETS
When suitable agents are used, mobilization can occur briskly with a very short time lag. Thus, in the case of the CXCR4 antagonist AMD3100, cells appear in circulation within 30 min of administration;
1,45 mobilization with Gro or IL-8 is even faster. 46, 47 Importantly, this observation would suggest that HSCs do not have to migrate very far before reaching the blood stream. Thus, some HSCs would be located close to BM vasculature, thereby representing vascular niches for 'mobilizable' HSCs. The molecular mechanism by which AMD3100 works, as advocated in all published work, is by blocking CXCR4 signaling. 48 However, as to which cells (hematopoietic or mesenchymal) are targeted by AMD3100 to bring about the egress of HSPCs, alternative hypotheses have been proposed. 1, 48, 49 If we believe that AMD3100 has no way of selecting CXCR4 on one cell over another, then blockade of CXCR4 on hematopoietic stem/progenitor cells will be achieved concurrently with CXCR4 blockade on many other cell types expressing the receptor, including the bone/BM stroma cells. Once CXCR4 is blocked, HSPCs lose their sensitivity to CXCL12. In this situation, the pericellular concentration of CXCL12 should be quite irrelevant for their behavior or fate, as AMD3100-treated HSPCs cannot sense CXCL12. Incubation experiments of HSPCs with AMD3100 followed by studies of CXCL12-dependent functions in vitro indeed support this notion. 45 The overwhelmingly preferred mode of action of CXCR4 antagonists therefore is by blocking CXCR4 on HSPCs and thus directly depriving HSPCs of a retention signal. 1 This proposed mode of action is also entirely compatible with data generated in mice with CXCR4-deficient hematopoietic cells but CXCR4-competent stroma (see below). 15, 50, 51 Subsequently, the CXCR4-unresponsive cells are either attracted into the blood by a positive stimulus (none has been identified, but Sphingosine 1 phosphate (S1P) might be a candidate), 11, [52] [53] [54] [55] repulsed by a repellent (although no candidates have been proposed) or they passively migrate into blood once deprived of a retaining signal. As relevant stem cell mobilization was achieved with the pan-Gi-protein blocker Pertussis toxin, 56 which blocks CXCR4 and S1P (edg) receptors alike, as well as most other chemokine receptors, the latter option appears the most likely.
An alternative mechanism that was put forth implies that after AMD3100 treatment, HSPCs retain their responsiveness to CXCL12, as AMD3100 targets only stromal cells producing CXCL12, thereby altering CXCL12 concentrations in BM and indirectly inducing HSPC egress. 49 How selective binding of AMD3100 to stromal cells could be achieved is hard to fathom. Loss or inversion of CXCL12 gradient between BM and PB has been shown by competitive displacement of stroma-bound CXCL12 by dextran sulfate. [57] [58] [59] For the purpose of discussion, we propose a third theoretically conceivable but never seriously contemplated mechanism. AMD3100 might not actually cause mobilization, but that by binding to 'spontaneously' circulating HSPCs it might trap cells in the blood stream or prolong their transit time until clearance from the circulation. If this were the case, then the 'spontaneous' turnover of HSPCs between blood and tissues would have to be extremely rapid, and a number of other points also argue against this hypothesis. This hypothesis would also imply that in the mouse at least 2000 or so (2000 if homing under AMD3100 was exactly zero, more if some residual clearance from blood remained possible) hematopoietic progenitor cells would spontaneously leave the marrow every hour, so that at least once every 20 days the entire pool of hematopoietic progenitor cells would have recirculated once. However, the kinetics of the natural turnover of HSPCs between marrow and blood have been a controversial point, and accumulation of circulating HSPCs with repeated injections of AMD3100 would have been expected and is in contrast to experimental data. 1, 45 Furthermore, given the accumulated evidence indicating that homing of HSPCs is largely independent of CXCR4/CXCL12 (see below), how CXCR4 blockade should trap cells in blood is unclear.
Direct imaging of qualitative and quantitative occupation of CXCR4 by AMD3100 on HSPCs in blood or marrow or on BM stroma cells after in vivo application has not been achieved, because thus far attempts at coupling AMD3100 to fluorescent markers have failed. Such studies would provide significant direct insight of the working mechanism. To this end, however, recent studies with human donors treated with AMD3100 showed differential binding of CXCR4 antibodies 1D9 and 12G5. 60 Both Figure 1 . Irradiation destroys marrow integrity and shifts the stem cell niche toward the endosteal region: mice were lethally irradiated (b) or not (a). Identical numbers of carboxyfluoroscein succinimidyl ester (green)-labeled lineage-negative/kit þ cells were injected intravenously within 3 h of irradiation. Note the severe vascular distortion, particularly in the central regions of bones, and the preferentially endosteal localiztion of transplanted cells in tibiae of irradiated mice. Moreover, the total number of cells homing to non-irradiated BM was considerably larger than in irradiated hosts, in keeping with previous reports. Z-stack sections (a total of consecutive 25 sections from tibiae) were done 20 h after cell transfer. Blood vessels were labeled with CD31 (red) and nuclei were counter-stained with 4' ,6-diamidino-2-phenylindole.
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bind to CXCR4, one to the N-terminal tail and the other to the transmembrane loops. Both are displaced by CXCL12, but only the latter by the much smaller AMD3100. The antibody staining pattern on cells from AMD3100-mobilized individuals-1D9 upregulated and 12G5 blocked-very much suggests that indeed AMD3100 is bound to the cells and blocks subsequent CXCL12 binding. Upregulation of 1D9 binding is interpreted as compensatory in nature, as the cells no longer sensing CXCL12 (as the receptors are blocked by the antagonist) mobilize additional CXCR4 from intracellular stores. In aggregate, the accumulated evidence suggests that AMD3100 binding to HSPCs (and possibly other cells) renders them insensitive to CXCL12-mediated retention and hence directly triggers their egress from marrow. The precise mechanisms of mobilization by Gro and IL-8 are not fully understood; neutrophil protease-mediated effects have been proposed, 46, 61 with CXCL12 as a potential downstream target. 62 IL-8-mediated mobilization failed in G-CSF receptordeficient mice. 63 These agents, as well as AMD3100, 48 do clearly indicate that proliferation is not required for mobilization. The kinetics of mobilization would simply not support preceding proliferation. On the same vein alternative evidence, that proliferation by itself is not sufficient for mobilization, has been provided by G-CSF receptor-deficient mice, which after treatment with cyclophosphamide show dramatic proliferation of HSPCs in marrow but fail to mobilize efficiently. 63 Thus, neither proliferation per se is a prerequisite for mobilization nor is its absence an impediment to mobilization. It does, however, serve to increase the size of mobilizable HSPC pools and thus in this context is probably quite relevant for its efficacy.
Recently, certain sphingolipids have garnered attention with respect to their role in HSPC mobilization. 11, 54, 55 Given that these are among the few chemoattractants for HSPCs 53 and that their blood levels are the highest of any tissue (because of significant S1P production by erythrocytes), S1P could theoretically be the opposing force to CXCL12 in BM, with HSPCs tethered in BM between these two forces in a labile equilibrium (see above). 56 Recent data by the Ratajczak laboratory would be compatible with that hypothesis. 55 However, like other mobilizing agents, an alternative mode of action of S1P has been proposed, that is, the targeting by S1P of CXCL12-producing marrow stroma cells, with reduction of CXCL12 and consequent HSPC egress. 52 We are looking forward to future definitive experiments stringently testing these hypotheses.
ROLES OF CXCR4/CXCL12 IN STEM CELL MAINTENANCE
The effects of CXCL12 on primitive cells are complex and despite significant progress remain only partly understood because of some shortcomings of experimental models. On the one hand, CXCL12, elaborated by stromal cells, such as osteo-lineage cells 64 or other mesenchymal cells like the chemokine-abundant reticular cells 15, 65 or nestin-positive stroma cells, 66 serves as 'glue' that attaches HSCs to niche cells (it is not an adhesion molecule per se, but attracts HSCs to stromal surfaces while activating several integrins). CXCL12 downregulation, or blockade of its cognate receptor, is sufficient to allow egress of HSCs. How can this be achieved? Link and colleagues 67 recently proposed that immature granulocytes are tethered in a skewed, yet labile, equilibrium between CXCL12 in BM (retaining the cells) and CXCL2 in PB. According to this view, as granulocytes mature, their sensitivity to CXCL12 decreases, resulting in relative weakening of the forces keeping granulocytes in BM and increasing net granulocyte egress into blood. Thus, the authors currently favor the model of HSCs as a naturally itinerant specimen that will spontaneously move into the PB unless specifically restrained by niche cues, including but probably not limited to CXCL12. Considering the considerable risks that cells with self-renewal capacity, telomerase activity and vulnerability to oncogenic mutations are subjected to under peripheral-blood high-oxygen conditions, it would seem the safest to keep these cells away from PB environment. Modest downregulation of CXCL12 in BM and a concomitant increase in PB have been observed after several days of treatment with G-CSF. 68 Although marrow concentrations of CXCL12 remained several orders of magnitude higher than in blood (that is, no gradient inversion was observed), a 10-fold smaller excess of BM-CXCL12 was achieved compared with baseline and it is conceivable that this weakening of restraining forces alone might be sufficient to allow net HSC egress from marrow. That after G-CSF treatment the CXCR4/CXCL12 axis remains partly intact is evidenced by the fact that addition of AMD3100 to G-CSF results in additive-to-synergistic augmentation of mobilization. 1 The molecular pathways of homing have sometimes been proposed to represent the opposite (or mirror image) of mobilization. While its role in mobilization is well documented, the role of CXCR4/CXCL12 in homing of HSCs after intravenous application is more complex and therefore merits some discussion. As an unspecific damage signal, 69, 70 after systemic chemotherapy and/or total body irradiation, CXCL12 is upregulated in all tissues, not only in BM. If chemoattraction only affected the trafficking of HSCs, then in conditioned hosts HSCs would be rather less likely to preferentially home to marrow than any other tissue. From studies with CXCR4-deficient BM hematopoietic cells, as well as with BM HSPCs treated with CXCR4 antagonists or Pertussis toxin, it is clear that the CXCR4/CXCL12 pathway does not critically mediate homing to BM, as homing was not impaired under these experimental conditions, 50, 51, 71, 72 although controversial data have been published. 73 Thus, with respect to CXCL12 it may be hard to defend the mirror image theory of homing and mobilization. However, homing of mobilized PB HSPCs or cytokine-incubated HSPCs was AMD3100 or Pertussis toxin sensitive 71, 74 or sensitive to anti-functional CXCR4 antibodies, 73 and cord blood HSPC homing was completely blocked by anti-functional antibodies. 73 Potential differences between sources of HSPCs used in these experiments might be attributed to reduced integrin expression and/or avidity on circulating vs BM-residing cells. Lack of Vav1 (ref.75) or Rac1/2 expression, 76 both displaying normal homing, but defective retention, also do not seem to support the mirror image metaphor of homing vs mobilization.
In addition to acting as a retention factor, CXCL12 has been proposed to mediate, directly or indirectly, quiescence of hematopoietic cells or to bias HSCs against differentiation. After genetic ablation of CXCR4, HSCs were elevated in PB, 15, 50, 51 through lack of retention, lack of quiescence or both. This phenotype is reminiscent to one in mice treated with CXCR4 inhibitors. 1, 45, 77, 78 As germline CXCR4 ablation is perinatally lethal, several different models of conditional CXCR4 ablation were presented, by generation of radiation chimerae with CXCR4 À / À cells or induced ablation in adult mice. The reported phenotypes of animals with CXCR4-deficient hematopoiesis are surprisingly divergent (reviewed in Rettig et al. 13 ). CXCR4 À / À fetal liver cells provided reduced radioprotection, and mice reconstituted with these cells developed marrow failure over time. 50 A similar phenotype was observed when ablation was induced in CXCR4f/ f.mx-cre þ mice by injection of poly I:C. 15 By contrast, CXCR4D/ D.tam-cre þ mice not only maintained marrow hematopoiesis, but actually had increased HSC numbers in BM despite high numbers of circulating HSPCs. 51 The latter phenotype-high HSPCs in marrow despite very high circulating HSPCs-is reminiscent to that of mice deficient for alpha4 integrin in their hematopoietic system: circulating HSPCs are significantly increased life-long; spleens are large and harbor large numbers of transplantable cells. 79 Moreover, we have provided evidence that, like deletion of CXCR4, deletion of VLA4 is associated with slightly increased proliferation in the stem/progenitor cell population, which apparently suffices to compensate for the SPOTLIGHT Hematopoietic stem cell mobilization H Bonig et al retention deficit of VLA4-deficient HSCs and to maintain normal hematopoiesis at homeostasis. However, under stress conditions, restoration of hematopoiesis impaired. The reasons why early hematopoiesis is impaired in CXCR4 À / À HSCs are not entirely clear, although several hypotheses have been put forth. Absence of CXCR4 could lead to HSC cell death, to their emigration from marrow, or to their exhaustion through increased downsteam differentiative divisions. To clarify some of these issues, effects of reversible CXCR4 inhibition, for example, by long-term pharmacological suppression of CXCR4, or by studies in genetic on-off models may be insightful.
HSPCs themselves as well as their mature progeny are also a source of CXCL12. Autocrine stimulation of blood cells with CXCL12 has been demonstrated, 80 but the role of cell-intrinsic CXCL12 for HSPCs in vivo has not been fully defined. Studies in mice lacking the ligand (CXCL12) were hampered by the lethal phenotype of total CXCL12 deficiency. Stroma-specific ablation in different types of 'niche' cells would be informative to test whether hematopoietic phenotypes of stroma-deleted CXCL12-deficient and hematopoiesis-deleted CXCR4 mice are similar. Thorough analyses of hematopoietic-specific CXCL12 knockouts in adults are not yet available. However, transplantation of CXCL12-deficient fetal liver cells was not associated with a dramatic phenotype.
81 CXCL12-deficient HSCs engrafted with equivalent efficiency as wild-type HSCs and were retained and maintained stemness post transplant in wild-type recipients with a CXCL12-competent stroma. However, one generally assumes that nature is not wasteful, so that some role for HSPC-derived CXCL12 may exist.
G-CSF-MEDIATED MOBILIZATION
After several days of stimulation with G-CSF, BM cellularity is markedly increased, and egress of mature and immature cells including true HSCs is observed. Left behind is a marrow environment partially destroyed by proteases, with attenuated bone (endosteal surfaces), depleted osteo-macs (mature hematopoietic cells that serve as nursing cells for osteoblasts), suppressed osteoblasts, leaky blood vessels, as well as a host of dead hematopoietic cells. 3, 5, 62, [82] [83] [84] [85] [86] Some reports suggest that the hematopoietic self-renewing stem cells also take a transient hit, so that the repopulating capacity of post-G-CSF BM is attenuated, but this remains controversial. 1, 87, 88 Levesque et al. 88 recently suggested that egress of the most immature cells actually precedes peak progenitor cell mobilization by at least 1 day. Interpretation of this observation is not straightforward. Either HSCs are truly mobilized first (that is, reside closest to vessels or are retained the least firmly) or they are relatively diluted in BM by the ongoing stimulation with G-CSF, which favors myeloid differentiation. However, even in the best of circumstances (continuous infusion of G-CSF for 5 days), in C57Bl/6 mice only about 20 000 CFU-C/ml or 40 000 CFU-C/mouse, representing 4% of the CFU-Cs contained in the entire animal (ca. 10E6), are found in circulation, while the rest stay behind. For the proposed mechanisms involved in G-CSF-mediated mobilization, which include downregulation and cleavage of CXCL12 and disruption of VCAM-1/VLA4 by cleavage of the former and downregulation of the latter, it is clear that in G-CSF-mediated mobilization these pathways are only partially disrupted, as additional direct interference with either pathway (G-CSF þ AMD3100 or G-CSF þ anti-VLA4) resulted in additive-tosynergistic mobilization. 1, 45, 77, 78 The basis for the additive-tosynergistic mobilization likely is the enlargement of mobilizable pools of immature hematopoietic cells under the influence of G-CSF. We would therefore propose that the cumulative data indicate that G-CSF is a modestly potent mobilizing agent and that its quite satisfactory clinical efficacy hinges largely on combined effects of proliferation 48 (expansion of mobilizable pools) and mobilization.
G-CSF-MEDIATED MOBILIZATION AND THE VEGETATIVE NERVOUS SYSTEM
Several recent studies have suggested roles of sympathetic output on circulating HSPCs at steady state and under G-CSF in mice. 89 Experiments were presented showing that sympathectomy or pharmacologic or genetic reduction of -adrenergic output or -adrenergic receptor blockade reduced spontaneous and enforced egress, while stimulation of these pathways augmented mobilization. 49, 89, 90 According to these studies, sympathetic nerve endings abound in BM, with a direct impact on circulating HSPC numbers. An alternative hypothesis thatadrenergic signals maintain niche (cell) integrity and that their perturbation thus indirectly leads to stem cell egress is also possible. Most recently, the hypothesis was put forth that G-CSF affects mobilization by acting as a potent noradrenalin reuptake inhibitor and data were presented showing modestly augmented G-CSF-mediated mobilization in mice under extended treatment with a classic non-selective tricyclic antidepressant that acts as a noradrenalin reuptake inhibitor. 91 Use of such compounds in human donors was proposed to augment clinical mobilization responses to G-CSF. The proposition that G-CSF had reuptake inhibitor effects was surprising, as reuptake inhibitors are associated with characteristic, frequent and rather dramatic idiosyncratic adverse effects, particularly during treatment initiation. Despite careful observation, no such effects were ever reported in donors. 92, 93 Within our database of mobilized volunteer stem cell donors, we therefore took the opportunity to identify donors taking noradrenalin reuptake inhibitors orreceptor blockers, in order to investigate potential effects thereof on G-CSF-induced stem cell mobilization in humans. The mobilization response (concentration of circulating CD34 þ cells) of volunteer donors taking (because of some pre-existing condition) a drug from either group was compared to that in concurrently treated volunteer donors receiving neither class of agents. Careful analyses confirmed that all donors had received the same dosing schedule of G-CSF and that the three groups were indistinguishable with respect to donor demographics. According to the hypotheses put forth for mice, the former should have mobilized better and the latter should have mobilized less well. However, not even a trend towards differential mobilization was observed (Figure 2 ), suggesting at least that different mechanisms are involved in mobilization between mice and men.
CELLULAR AND MOLECULAR TARGETS FOR STEM CELL MOBILIZATION
Many careful reviews, including recent ones, have summarized the knowledge surrounding stem cell mobilization by G-CSF and alternative mobilizing agents. [2] [3] [4] [5] [6] [7] Whereas, many cellular targets have been identified for G-CSF (osteoblasts, 64 osteocytes, CAR cells 15 and nestin-positive Mesenchymal Stem Cells 66 ) and mature hematopoietic cells (osteo-macs 94 and granulocytes 63 ), our knowledge about molecular targets and mediators remains only partially defined. As discussed above, almost all proposed mechanisms converge on interference with the CXCL12/CXCR4 pathway, predominantly by reducing stromal CXCL12, which is then proposed to unleash HSPCs and result in their egress. It is apparently not necessary to reduce CXCL12 levels to levels below or at blood/plasma levels; a modest reduction suffices to allow egress of HSPCs. This observation seems to be compatible with the 'labile equilibrium' hypothesis we proposed above.
Similar to the mechanism of G-CSF-induced downregulation of CXCL12 in BM, implemented through a complex chain of events
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Hematopoietic stem cell mobilization H Bonig et al (discussed above), is the mechanism of cyclophosphamidemediated mobilization. Reduction of CXCL12 in BM stroma was also proposed as the mechanism of mobilization by CXCR4 antagonists, 49 although this is not universally accepted and a specific cellular target has not been proposed. Additional mediators purportedly targeting CXCL12, which have, however, not achieved clinical relevance, include components of the complement system (through elaboration of proteolytic enzymes from mature cells), and signals from the sympathetic nervous system (by directly targeting BM stroma cells-see above).
The only other molecular mechanism, partly independent of CXCL12/CXCR4, consistently implicated in HSPC mobilization with G-CSF is the modification of adhesive interactions of HSPCs with marrow stroma, through downregulation of integrins, either by cleavage of integrin receptors as a consequence of mature blood cell-derived proteases induced by G-CSF, or other undefined mechanisms. Integrins can also be targeted directly with antifunctional antibodies or small-molecule inhibitors, where it appeared that competition of the antagonists for integrin-binding sites displaced HSPCs from marrow. 77, 78, 95 Thus roles for several beta1 and beta2 integrins have been reported. Although probably too weak to gain relevance for clinical mobilization, these observations are insightful from the point of view of the molecular tapestry of the HSC niche.
Of importance, with all the described manipulations, CXCL12 concentrations always remain significantly higher in BM than in PB, and CXCR4, on all mobilized cells ever studied, is expressed and retains or quickly regains its responsiveness to CXCL12. Thus the fact that these comparatively subtle changes in BM result in HSPC egress may indicate that the equilibrium between HSPC retention and egress is very labile, and minor environmental changes suffice to induce HSPC egress.
As a paradigm for such a mechanism, Link and colleagues 67 recently proposed a model by which granulocytes are induced to leave the marrow: the cells are suspended in an equilibrium between retaining (CXCL12-mediated) and mobilizing (CXCL2-mediated) forces. Changes in either-reduced retaining or enhanced mobilizing forces-can induce granulocytes to leave the marrow. Conceivably, similar principles might apply to HSPCs.
Unlike the granulocytes, the 'pulling' force for HSPCs has not been identified. HSPCs are notoriously finicky in their responsiveness to chemoattractants. 96 Ratajczak et al. have provided updated information about chemoattractant properties of components of the complement system, 13, [97] [98] [99] [100] [101] but the cognate receptors are not expressed on HSPCs. Recently, a role for S1P in HSPC mobilization was suggested, although whether S1P targets HSPCs directly, or whether S1P exerts its effect on HSPC egress indirectly, through mature hematopoietic or BM stroma cells currently remains elusive (see above).
That CXCL12/CXCR4 will be confirmed as the one central molecular mechanism upon which all mobilizing agents converge should not always be taken for granted, but current evidence implies at least a strong contributory role in almost all mobilizing schemes we know today.
SUMMARY
The considerable interest in the molecular and cellular pathways involved in stem cell mobilization continues to fuel active research by a number of excellent groups, which continue to provide novel and surprising insights. At a close look, however, we should realize that of the dozens of potential targets that have been proposed, based mostly on genetic but also pharmacological data in mice, for liberating HSCs from marrow, very few have been formally tested and even fewer have shown the predicted success in humans. As far as the evidence goes in humans, a number of hematopoietic cytokines have been associated with proliferation of immature cells and differentiation to mature cells that can facilitate egress by enzymatically destroying marrow integrity, including some stromal retention molecules (primarily G-CSF, but also GM-CSF and SCF), direct interference with CXCR4 has been successfully translated into the clinic and interference with the alpha4 integrin has at least provided proof-of-principle data. Targeting of the same three pathways (activation of G-CSF receptor, inhibition of CXCR4 or VLA4) is currently being tested as a means of improving the efficiency of chemotherapy for various hemoblastoses. As scientists will hone in on the HSC in its niche in years to come, we predict that many of the proposed retention (as well as stemness promoting) mechanisms do nothing more than maintaining the architectural integrity of the niche, and their disruption induces HSCs to 'perish' or to 'abandon ship'. Figure 2 . Modification of sympathetic input does not affect mobilization efficiency with G-CSF: volunteer stem cell donors receiving noradrenalin reuptake inhibitors for depression (NRI, n ¼ 14) or -blockers for hypertension (-Bl., n ¼ 24), or 559 concurrent donors not receiving any drugs interfering with sympathetic tone (ctrl.) received a 5-day course of standard-dose G-CSF (9 doses q12 h, 7.5-10 mg/kgBW*day) in preparation for matched-unrelated stem cell apheresis at our facility. Circulating CD34 þ cells were enumerated using single-platform flow cytometry 2-4 h after the ninth dose, as described. 102 Donors receiving NRI or -blockers were typical for MURD donors, 92 that is, in terms of donor epidemiology (age, sex and body mass index), there were no differences between the groups. Mobilization was neither enhanced by NRI nor suppressed by -blockers (mean þ s.d.).
